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1 his paper examines the inlfrleme.ntation of MOSP”HI’S as synchronous
rectifiers which rcsul[s in a substantial inlptuvcme.nt in powet processing
efficiency and therefore may result in significant reduction of spacecraft
mass and volume for the same. payload. Four topologies presen(rd here ate;
lwo.  switch forward, one-switch forw~arcf, bcrosl with current-fed chopper
and drral forw,ard. In each case, parts count, mass, board area, pari-lrrad
cfflcicncics  al differcn[  input  voltages, and qualifico[ion  corrfrdcnce. were.
corrsidcrcd. It w,as found that each topology had the potential of providing
improved ovcrail  performance. Synchronous rectification provided
convctsion efficiency 0( up to 93 percent compared to about 83 percent for
power converters currently in use. II is also found that given the present
siatus of magnetic devices, MOSFFH”S and their drive cilcuitry  suiiatrle for
sl)acccra(t  ap[)licaticrns, switching frequency above 100 K}lz  is not suitable
if an cfftciency  higher than 90 percent is to be re.ali7ed with the.
implcnrcnta[iorr  used. flybrid synchronous  rcctitrer  implcmcntatirrn  is
considered and is found to provide. savings in surface area, mass and ease of
design.

[( is conccivahlc that tbc implcmcnta[ion  of synchronous rectificatiorr
may pmvidc increased efficiency inlproverrlcnts for 3Vdc converters for
[ulurc slmxeraft  compared m SVdc converters

Kry words: spacecraft power systems, converlcrs,  synchronous
rectiftcrs.

1. INIROIXJC’I  ION

Sp,acmraft maw and volume depend on cl]aracterislics and per frsrrnance
of i[s power gcncra[ion,  distribution, storage and power processing
subsystems. A very large pnsportion of today’s spacecraft pruvide prover to
Irrads a[ 5 Vdc and 15 Vdc. IJowever, there is a trend towards 3 Vdc for
ftlture spacecraft loads. In either case, it is imperative that [he efficiency of
power processing subsystems be as high as possible for significant
rcduc[iorr in spacecraft maw and volume.

I lowever, tow voltage converters presend y using corwentional Schottky
diodes arc Icss efficient because of significant forward-voltage drop. ‘fle
situation worsens in 3Vdc converters. Fortunately, newer generation
MOSIE.Is  have much lower on-resistance [ban before and hence offer
~ltractive  potential of replacing Scho(tky diodes. A scheme. of such a
rcplacerncnt of Sclr(rttky dicrdea by MOSFETS is referred to as synchronous
rectification. A synchronous rectifying circuit, in general, behaves Iikc a
diode that has an unusually low voltage droi) during forward-voltage half
cycles. Synchronous recLifica!ion hrx+ the added advantage thai ii eliminates
he discontinuous conduction mode in a PWM converter.

Rcfore !990,  lei Propulsion La&rratory  (JF1,) concerrLr~te.d on a two-
tcrmimrl  diode replacement IC (Ref. 1). As part of this effort, JP1
contracted for design and fabrication of two-terminal synchronous rec[ifle.r
with California State University at Long Beach (Ref. 2). The MOSIS (MOS
Implcmcntatmn  Service) process was used in this study, The comparator
and driver were found to be major s[umhling  blocks in reali7, ing the
efficiency goal. As a result of this effort, ii was concluded that the cn[ire.
r-onvcrtcr  should bc built as a hybrid unit with externally driven
synchronous rectifiers. A hybridized power stfigc will have ICSS parasitic
Icarl rrsistrr!rcc$ mid inrfrrc(rmces which can rfeteriortrtc the cfflcicrrcy and the
noise Perforll)arrcc of Lhe converter @cf. 3),

1 hc nnly disadvantage. of this approach to the synchronous rectiflcr
design is that it requires on cxtrir drive circuit to command the MOSFE,’I’ to
qwrate  as the passive swilch. In non-isolated converters the requir-rmcnt of
m extra drive circuit is hardly a problcrn, but in isolated converters with
multiple oulpur~. such as the push-pull or the forward converters, the
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requirement of extra drive circuitry may increa$e. the. corrlplexity  of [t
converter circuit

T his paper examines [hc require nlents, the advantap.cs and ~t
limitations of synchronous rectitrcr  circuits, .%veml circutt crmfiguratlm
arc proposed and cvahratcri.

2. SYNCIIRONO(JS  RIK-I lFI[’.R TOIYNOGIIS

Wbilc  synchronous rectifiers are applicable to nlany {cyrologics,  [h
paper considers lhcir  usc in four topologies: two. switch forward, or)c
switch forward, boost w,ith cunent-fed  choiyrer and dual forward. In who
follow’s, firs[ each topology is presentrd and then it is a!mlyzcd in k-rr(ls c
il$ Pc[fornlancc.

2.1 ] wo-~wi~~  ~Q[wM(j  ~QIIvrXC[

Ihc two switch forward converter, shown in Flgurc 1, is a buck-derive
isola!ed converter. Be.cau.se it is one. of [he. least slressfrrl  and one of th
simplest converters to design and conkd, it is w,idely used for low an
medium power applications (typically less than a few hurrdrcd waits
Synchronous rectifrca[ion can be easily implcmcnlcd  in Lhi! coovertcr uwu
a single, pcrrta.filar  gate-drive transfornler  as shown in Figure 2. 1 II
pto[wr polari[ics  of the windings ensure synchronous opcrtition O( the fm
switches. A single PWM waveform is afrplie.d tc~ [hc gale-drive whit
sinrultanemrsly turns swi[chcs ~1, S2 and Sq on wtlilc  krrrl~ng S4 off, ar,
vice-versa, During Ihe on-time the input vol[age is applied to th(
magnetizing  inductance of the isolation transformer and to the output low
pass filter  scaled by the [urns ra[io of the isolation Lransforrllcr. Du(ing [h
off-lime, SI, S2 and S3 arc tumcd off while S4 is turned rm. Also. durlr
this time, (he diodes [)! and D2 (urn on to return the nlagneti7ing current [I
the source. in order to rcscl the ~ansformcr. Since the n]agncti7, ing currcr
is small, the reset diodes need only to be fast recovery PN diodes. Ibis [yp
of rcse[ mechanism ensures that tt}e switches S I and S2 are never subjcc[c
to a vcrllage stiess Iargcr [ban the inpot voltage even if there IS SOIIIC  Icahng
irrductance asmiatcd with the isolation tr~llsforrrrcr.

An cxperirncntal two. switch forward convcrler swit( hcd at 50K}17 arl
using power MOS[tiTs (14nl(l on re$lslarrce) wa! buill and [es[cd. “1 h
input voltage ranged from 21 .5V to 3 1.SV and dclivcrcd  5V N 6A. ‘1 h
efficiency of the converter including (he house-keep}ng pmvcr su~~ply 1
shown in Figure 3 and is seen to be above 90% when the rrulput pmvcr 1
large than 7 or 8 watts. 1 he maxinlunl  eff!cicncy  measured was about
92. S%.
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Figure 1, Two.Switch Forwrird Convfir!or
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Figure  4. one. Sw,tctl Forward Converter Usng Synchronous

Rectlf,  catton
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Flcrure 2. Synchronous Rectification  Usincr a Sinrrle, 1 hc topology shown m Figure 5 COnSISL$  of a preregula!or followed by
a IfEl% duty cycle chopper. The chopper stage prcwrdes  Isola[!on tind tie
Pcrsslbility  of muluple oulpuu.  Although a txxrst  prcreguiaror IS shown for
W-s of illuskahOn, any tYfX Of converter would suffice. 1 his [opology
nllnlml?es  the reverse voltage stress on the synch roncws re.ctlfler
hlOSE’1 Ts, resulting in Iwo bencfm  Fwst, chc capacity losses due to the
outpu[ capaclrance Coss (Cgd + Cds) are reduced. Second, lower b’01L3ge
II-T’s can & used, which slgnifrcandy reduces the kds(onJ for a gtverl dle
Sl?e.

In this topology, it is critical that the .MCXSf+l  s do not conduct
$Inlultancousiy as thi$ will shod the oulpul flirer capacl(or,  1 hus the drive
scheme may be mom complicated than tha[ for rhe orhcr mpologles.
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figure 3, Plot of Efficiency Versus Output Power
As a Function of Input Voltage

1 he simplified schematic circuit diagrdm of Flguze 4 show’s a basic
one- switch (C)3) forwasd converter uslrrg synchronous rwrification.  The.
rcttsfier switch, QI, and catch diode swlrch, Q2. are driven alfemately from
the same rrarrsfom~er 12 to prevent simultaneous conduction. Each of the
dmx  swttchts have identical gate drive circuits. Capacitor C 1 and inner
diode VR 1 function as a W restorer with VR 1 afso providing voltage spike
pro[tction  for the MC)SFET gate to source. Resistor RI and diode CR I
prcrwdc a siower turn-on and a fasta  turn-off &Ive,  thereby providing some
dead lime to insure no simultanmrs  conduction between Q2 and Ql, (Q3)
during the switch transition inlervaf. Unique so catch diode switch Q2 is the
turn-off  drive provided by transistrx @ during system power down. T?ris is
essermal to prevent ou@uI fd[e~ ca~ifor, Co, from diwhargmg  through 1. I
and Q2. Should Q2 turn off w@r this disctwge  currcru flowing through 11,
a farge desrrwrrve volfage spike would wcur at fhe dnrin of Q1 and Q2.

The MOS}kTs  used were lRF150 1~.s with a Iyp]cal vafue of R&(on)
of 0045Cl  The tod conduction losses in Q1 and Q2 is:

F’lm$ = 1% = (4)2(,M5)  = 0.72w.
If a 45V, 16A Schouky rectifrer SSR1645A (SSfN) is used, it’s typical

VF is 0,436 v at [F=  5A. Iherefore,
PIO~3 = IF Vp 4(0.436)= 1.744W

With an output power of 5V x 4A = 20W, this to@ogy  will provide an
eRlctency mlrwuvement of

DRIv[
Figure 5. Boost W,th  CurrentFed Chopper

2.4 Dual HMwfkKdlXrnvc#,I

The dual forward converter to~logy shown in [lgrrre  6 shows IWO

MO! WEI’S QI and Q2 which switch akernatcly and produce vanatde duty
cycle pulse in the output of transformers. Q3 and Q4 also swwch alrerna[cly
and constitute a synchronous rertifier.  Q5 clamps the cunent m the choke.

In an attempt to compare performance of dual forward converter Wllh a
converu~ using Scho~ky diode, Cassim spacecraft prover requuements were
considered. The LWCr designs were breadboarded and converter
performarms  wem ccxnpared. II was found that for 29V inpist voltage and
6A al 5V load, the loss  wnh synchronous recLificalion was sigmflcarrtiy
lower Lhan with Sch@tky  rectifier. Sirnliar resLllL$ we{e obtained at odrer
input voltages and load crJrrenLs.  An eff~iency  of 90.7%, was ot,ralned for
the conveter using synchronous recrrficaticm (Ref. 4).

. .
A n  APbu _ 1,744-.72

s ---- ..— _ --.—. =.0512,
n P 20 ‘“OMl

or approximawly  S%. Including the efftil of reveme leakage losses
w,ould make Schouky rectifjer apprwh Ie.ss cfficieru than this converter
using  syrtchrofwus  recti ricat ton.
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hgure  6 Dust Forward converter Topology

3, C)P”I lMAI MOSF~T S171NG

Component selectlon and nllninjiJa[lon  of losses is crucial to [hc
successful Implementation  of synchronous recuflcalicm. This section
prcsenLs a discussion on s]zlng hfOSF11“s m power switching applications
10 mlmmlJc  swttch losses. The thre~ prmlary  switch losses arc: (1)
conduction loss due 10 Rd~ (ORJ, (2) capac[Live losses duc to cg~, Cgd. and
c,j~, and (3) lure-Off crcrSSOVer ]OSXS. For MCNFF.IS having identical
hrcakdov,,n voltages, there M an approxirna[c inverse relationship bc(wctn
~ds (w,) and ~xk, where Cxx denote.s any of the the? tennlnal capacitances.
llIIs ftwl prowdes W basis for our opumization approach. ‘fhc producl Rd~
C., IS the cructal frgurc O( ment for hfOSFtTs  (Ref. S).

~. I Sirnghfltd  Analysis

Cons]dcr the foilow!ng  Latde of values for Rd~(On) and ~xx for various
Intemaoonal  Rectifier  (IR) [{E XF-11’ die swes (IRI;540, IRF530, IRF 52I3
and IRFS 10), 1 he capacitances are taken al V[)s  = 10V. Takdc I shows
Interdependence of Rds (r)n) and device CapXllXtCeS.

1 able 1, fntcrdc[rndence of Rd~ (on) and device Cafxwitance.s,

kd$(On) (ohms) C.@f) C.g(j(@) C’(ls(p’) Rds(Cgd+~ds)(@)

0.077 1500 125 7a) 64
0.16 67S 75 375 -)2
o,~7 4(KI 50 200 68
054 200 30 100 70

10 a good approamlatlon, the producl Rd&xx is constanl and we
can write:

1
Rds = - R~50 (1)

r
cm. = rcx,()

where r is the MOSI-1 1 sizt scaling facfor, and R~O, Cxxo can fx obrairwd
frunl the tatdc.

1 he followlng  analysis assumes that fhe device capacitances are
ccmstaru desplle the fact that they are actually nonlinear. A Iatcr section
WIII provide a more exact analysis thrM takes the capacitance nonlin~rily
into account. We will ignore the turnoff crossovw losses because they arc
influenced pnrnarily  by cxtcmal circuit factors such as switching speeds,
parawtrc mductarrcc.s,  and snubbing circuit%

[cl Vp denote the peak dmin-to-source vOkage, IcI VE$ be tic
gare-rosou~c  voltage when tie transistor M on, and Ict F, & rhc switching
frequency. For swnpliclty assume rha[ the supply providing the gate drive
~u,er also have value Vg$. 1 hen

Conduction loss = 12rrru Rds (2)
~a~ 10SS  =  (cgs+cgd)v2gsFs+vg\vp~gd~5 (3)

C)utput caprw [Lance loss = ; (Cds+Cg-J)V2pF, (4)

Substi[uung (1) mto the above expressions and adding the Iosscs
yields the following cquatmrr fm the total loss Pr

PI= ! (12m$~,0hl((cgs+  cgd)v2gs+ ; (c&+c@)vp2)~,  (S)
r

1
This  function has the form (A ; +Ilr)  hcncc MC nlmlnlum  occurs when We

two terms m cqmt (r= ~A / B ), and the value al the nlinlmuni  IS tw~cc tic

gecrrueuic mean of the two temis, l.c., p~(m[n)=z  I/AR. ITIUS,

In many cases the outpu[ capac!fance loss domma[es Lhe gale
Capacitance IOSS, ([n ?rro. volwge swllchlrlg \oplogles ti}s  IS noL true. )

Ihcn Lhe loss eapre.won slmpllhe-s to

JF’r = Irwt’p  2F;7i*o(cdo  -1 C*O ) (7)

Notice that the optimal switch lOSS lncrcases as the squale rcot of the
swuchmg frequency,

As a numerical example, consldcr Ir,,,s = O.@A, Vp = 30V and F~ = I(MI
K}{z, Then the n!inimurrl loss (us]ng the sinlpllfled  equation) IS 71 n}%’,
and II rxcurs for an Rd$ of 0.086 ohm, One would then chcmse  the } [T
within  the family having the closest R.d$ (on), 11 should bc noted tha[ rhe

furrction( ~ + Br) hrs relatively bred minimum and, as a result, onc may
r

wish to choose a smaller MOSI%T tian the opWrla[ equation rrlay suggest

1 his analysL$ com.lder> gate-drive loss, outpul capacitance suitrhlng  loss.
and conduction loss. Gate charge (Q8) values from the IR data sheet WIII &
used 10 estimate the gate losses. 1 he following data atsumes VC,s = IOV,
VL)S = 50V, Tlcre  IS Iittlc dtfferenc< in the total gate charge for V[Js>30V.
As a rule of lhurnb we estimalc the gate charge at V[yj = IOV by
multiplying the 50V value by 0,8 l“hc gate charge &cs  depend SlgnlfICWsLly
on the peak gate voltage. Iablc 2 shows inLerdeptndence of Rd$(On) and
gate charge,

l’able 2. Interdependence of Rd$ (on) and gate charge

De Vice Rds(on)(ohms) Qg(nc) fQ,Qg(ohnl-nc)
UW’540 0.77 37 2.85
1UF530 .16 1? 2.72
[RF520 .?7 9.5 2,57
LRF’51 o ,54 5 2,70

me gate loss per cycle  IS QgV drive. V drive IS the Volbge source
su~lying fhe gale drive powex. lL$ value M usually approximately [he peak
gate-bsource  voftage.

Ihc OULPW  capacitmice COS$ - C-gal + Crj$ is highly non-llrlcar.
From the lR data sheet for tic IRF510 device we fmd the followlng
cfqwnrkmw of output c~nancc on drain-source voltage:

V[)s C’oss
4 193pf
10 123pf
20 87pf
40 63pf

Assuming a capacitance-volmgc dependence of the forlll COSS  =

COVDS-n  and using a Icast-squares fit. onc f~nds

cOS, = 378 V[)s”488 (PO.
(u)

‘Lo vafidate tils equaLion, we compare IL$ predictions wrth Lhe
actual data

VDS CO~$  (data sheet) CO$$ (Prcdlcted)

4 193pf 192pf
10 123pf 123pf
20 87pf 88pf
40 63pf 62pf



#
lhc energy IOSL ~r cycle m tht outpctI cafrmcance  IS glvcn  by the

equation

E = J:’ C(v)wiv

(9)
_fhcrcforc,  [he [ocal  swltchlng  loss IS given  by tic equaLIOn.

(lo)

(11)

~OLe Lhal  Ihe paranl  CLCrS CO,  Qgo, krj~o can &? taken frOnl  a
representauve  nlcn]hcr  O( the fanllly or fron] a curve (It of che F’IET fanllly ’s
pararnelers.  They will dtffer  slgnlflcanLly  for Flls with dlfferenL  voltage
riillngs.

Forexarnple,  If I& = IOA. Vp=  IOV, V8$ = IOV, Vdr,,e . 1 0 V ,  F$
=  IOOK}17, [hen  PI (n,ln)= I.OW’. A Schouky  d!ode would dissipate
am)r~j~lnlately  4W.

4. }JYBRI[)IZA1  ION C) F- SWI_f C} IIN(i C’C)hWSNI. N1 S

[Jurlng  cievelopmen(  son]c  dlsadvan[ages  o f  s y n c h r o n o u s
recuflcatlon  were obser~ed.  1 hese are: cwcult  complexly, COS1  Increment
and mcrcased  board area For example, In a dual forward mfwlogy,  a! 30W
ourput,  II was found Lhat the pam$ COUnL  lncremed by 24 pares and he board
a r e a  Increa$ed  by 29 ln~,  In addlllon,  write  ne<d  for developnlcn[  COSI
awrclated  wlLh  non-recurring englneerlng, par Ls, space qualiflcalmn,
docunienta[lon  and LCSllng  became very apparent. As a rcwl[.  hybrid
mlplemenrauon was con$ldered.

The ~wcr sw!tchlng  COCrlpOnCnLS  of a de-Lo. dc convcrtcr for low
voltage appllcaoons can & hybrid}md  m provide sav!ngs  In surfwc area
and eaw of dcslgn.  l“hc mam  ele.cmcal  speciflcahon of this apphcatlon  arc
(a) 22-35 V inpul vollagc  range (b) 5V output voltage a[ 30 W al
wrnpemtures between -35T (o 85° C. The topology besl suited  for this
aPPllcatlon is tfIC dual forward conver’tcr  with synchronous rCCLlflCatlOn
be<ause  IL comtmcs rhc low! peak vohagc stresses with a very simple  dnvc
scheme (Wf.  5).

The power swifchmg clrcul[ for this forward converLer IS shown In
Figure 7. II Includes (a) 4 power MOSFt.1s,  (b) the gate-drive clrcult
clcccronlcs,  (c) currunt.  sense transformer and (d) rese[  diafes. lhc module
IS driven by a single  PWM signal and IS powered by 10V bus. ‘fhc
remammg tcrrmrrals  arc connecicd to dtc primary side (4 tcrmmals)  and dre
se<ondary  sldc (3 KWUlnh)  of the power convener, Figure 8 show’s a
hybr!d ctr~ul[ In,plenlenusuon, The layOuL  of the citctrll  on the hybr,d
subshdLc  IS very crucial for reduced common mode noise,  radia!cd nc~wc
and control nolsc lnLerferenCt. Figure 9 shows che hybrid mlplemcruaoon
layouL

Vcc + vcc -
Flgure  7. Power Swttchlng ~ircult  For a

i

-. V* +

B

i
Vd

B

i .  v ,

PWM

Forward Converter

“d’- ,. lmi v,,, . v , .
“d, . clLYtFl VP . . .

b ,,, H\ bP{10 ‘/d
~P b,-. . .
v,.  . v.< F,VM c s

r[{:@. icK
‘C O?.  TFICIL

F(gu, e 8 The  Synchronous F{ert(fqe,  Hvbr(d  Modde
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5. CONCLUSICSNS

1. Efflcicncms of up to 93% a[ an ouIpuL of 30W al svd~ are
auatnablc over rempcratwe range, Includlrlg  con~ol Imws

2. All four LopotOglcs  of de-de conveners using  synch roncms
nxtiftcatjon  showed  an cfflcrency  chat was higher  than the efficiency  of
Ccmverters  using SChOtiy dl~cs,  HOWCVCJ,  n,a$s.  vo]umc,  pa~s COun[  and
development cost make the lmplcmcnmuon  of synchronous rectlflcatlon
rssmg dlscrece componcnLs  less atLractlvc  compared 10 ILS hybrldiled
mlplementarmrt,

3, Careful selection of components for mmlmtrm total loss and
maxumum  convcrston  efficiency IS ew,enoal  for synchronous rectlflcatlon,
Therefore, aurmpls must be made to select componenL$  which result !n
mlntmurn  10ss several qualltarsvc  ob~rvallons can & nltic  frunl  equa[lon
(1 1): (1) losses  increase linearly wlLh RMS currcnL  (2) Icwes Increase w mh
~ak  rcvcrw vol~gc,  and (3) losses Increase Ilnearly wuh the FE. I voltage
rating,

4. IL is concluded Lhal !f h ultirnalt ObJC<llvC IS 10 achieve Lhe
highest posslblc  efficiency, dsen  the enttrc  pwer stage should be built a$ a
hybr]d  umt. This would reduce parawoc mductanccs  and resistances  and
allow for externally driven synchronous rCCLlftCrS  to be uwd u I[houl
ccuscem for chc overall cIrLull ccm!plcxlty,

5. The major disadvanmgc  of the two-[erminal synchronous
rccufier is chat IL IS mhercndy  Icss cfflclen[ than an ex(ernaliy driven
synchronous rei tificr  with the mqdemcnmon  used.



6. No-load o~wratiorr w’ith selected synchronous rc~tlflcaLion
confrgmation$ IS possltdc.
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